3. Industrial
Processes

Geenhouse gas emissions are produced as a by-product of various non-energy related industrial activities.
hat is, these emissions are produced directly from an industrial process itself and are not directly a result
of energy consumed during the process. For example, raw materials can be chemically transformed from one state to
another. This transformation often results in the release of greenhouse gases such as carbon djoxiehE@

(CH,), and nitrous oxide (}D). The processes addressed in this chapter include cement production, lime manufac-
ture, limestone and dolomite use (e.g., flux stone, flue gas desulfurization, and glass manufacturing), soda ash pro-
duction and use, COnanufacture, iron and steel production, ammonia manufacture, ferroalloy production, alumi-
num production, petrochemical production (including carbon black, ethylene, dicholoroethylene, styrene, and metha-
nol), silicon carbide production, adipic acid production, and nitric acid production (see Figure 3-1).

In addition to the three greenhouse gases listed above, there are also industrial sources of several classes of
man-made fluorinated compounds called hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and sulfur hexafluoride
(SF). The present contribution of these gases to the radiative forcing effect of all anthropogenic greenhouse gases is

Figure 3-1
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included under the Energy sector as part of fossil fuel combustion of industrial coking coal, natural gas, and petroleum coke.
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small; however, because of their extremely long lifetimes, Greenhouse gases are also emitted from a number
they will continue to accumulate in the atmosphere asf industrial processes not addressed in this section. For
long as emissions continue. Sulfur hexafluoride, itselfexample, caprolactam—a chemical feedstock for the
is the most potent greenhouse gas the IPCC has everanufacture of nylon 6,6—and urea production are be-
evaluated. Usage of these gases, especially HFCs, lisved to be industrial sources of® emissions. How-
growing rapidly as they are the primary substitutes foever, emissions for these and other sources have not been
ozone depleting substances (ODS), which are beingstimated at this time due to a lack of information on the
phased-out under thdontreal Protocol on Substances emission processes, manufacturing data, or both. As more
that Deplete the Ozone Layeln addition to ODS sub- information becomes available, emission estimates for
stitutes, HFCs, PFCs, and other fluorinated compound$ese processes will be calculated and included in future
are employed and emitted by a number of other induggreenhouse gas emission inventories, although their con-
trial sources in the United States. These industries irtribution is expected to be small.

clude aluminum production, HCFC-22 production, semi- The general method employed to estimate emis-
conductor manufacture, electric power transmission angions for industrial processes, as recommended by the
distribution, and magnesium metal production and prontergovernmental Panel on Climate Change (IPCC), gen-
cessing. erally involved multiplying production data for each pro-

Total CQ emissions from industrial processes werecess by an emission factor per unit of production. The
approximately 17.3 MMTCE (63.3 Tg) in 1996. This emission factors used were either derived using calcula-
amount accounted for only 1 percent of total U.S, COtions that assume precise and efficient chemical reactions
emissions. Methane emissions from petrochemical andr were based upon empirical data in published refer-
silicon carbide production resulted in emissions of apences. As a result, uncertainties in the emission coeffi-
proximately 0.4 MMTCE (0.1 Tg) in 1996, which was cients can be attributed to, among other things, ineffi-
less than 1 percent of U.S. Ceimissions. Nitrous ox- ciencies in the chemical reactions associated with each
ide emissions from adipic acid and nitric acid produc-production process or to the use of empirically derived
tion were 9.2 MMTCE (0.1 Tg) in 1996, or 9 percent ofemission factors that are biased and, therefore, may not
total U.S. NO emissions. In the same year, combinedepresent U.S. national averages. Additional sources of
emissions of HFCs, PFCs and &ftaled 34.7 MMTCE. uncertainty specific to an individual source category are
Overall, emissions from the Industrial Processes sectatiscussed in each section.

increased by 35 percent from 1990 to 1996, and 8 per-  Table 3-1 summarizes emissions from the Indus-
cent in the last year alone. trial Processes sector in units of million metric tons of
Emission estimates are presented under this sectearbon equivalents (MMTCE), while unweighted gas
for several industrial processes that are actually account&inissions in teragrams (Tg) are provided in Table 3-2.
for within the Energy sector. Although C®missions
from iron and steel production, ammonia manufactureCement Manufacture
ferroalloy production, and aluminum production are not
the result of the combustion of fossil fuels for energy, Cement production is an energy and raw material
their associated emissions are captured in the fuel datatensive process resulting in the generation of substan-
for industrial coking coal, natural gas, industrial cokingtial amounts of carbon dioxide (GJrom both the en-
coal, and petroleum coke, respectively. Consequently, #rgy consumed in making the cement and the chemical
all emissions were attributed to their appropriate sectogrocess itself. Cement production accounts for about
then emissions from energy would decrease by roughli.4 percent of total global industrial and energy related
30 MMTCE in 1996, and industrial process emissiondcO, emissions (IPCC 1996). The United States is the
would increase by the same amount. world’s third largest cement producer. Cement is pro-
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Table 3-1: Emissions from Industrial Processes (MMTCE)

Gas/Source 1990 1991 1992 1993 1994 1995 1996
CO2 14.9 14.5 14.6 15.1 15.9 16.8 17.3
Cement Manufacture 8.9 8.7 8.8 9.3 9.6 9.9 10.1
Lime Manufacture 3.3 3.2 3.3 3.4 3.5 3.7 3.8
Limestone and Dolomite Use 1.4 1.3 1.2 1.1 1.5 1.8 1.8
Soda Ash Manufacture and Consumption 1.1 1.1 1.1 1.1 1.1 1.2 1.2
Carbon Dioxide Manufacture 0.2 0.2 0.2 0.2 0.2 0.3 0.3
Iron and Steel Production* 23.9 19.2 20.7 21.0 21.6 22.2 21.6
Ammonia Manufacture* 6.3 6.4 6.7 6.4 6.6 6.5 6.6
Ferroalloy Production* 0.5 0.4 0.4 0.4 0.4 0.4 0.5
Aluminum Production* 1.6 1.7 1.6 1.5 1.3 1.4 1.4
CH, 0.3 0.3 0.3 0.4 0.4 0.4 0.4
Petrochemical Production 0.3 0.3 0.3 0.4 0.4 0.4 0.4
Silicon Carbide Production + + + + + + +
N,0 8.1 8.3 8.0 8.4 8.9 9.0 9.2
Adipic Acid Production 4.7 4.9 4.6 4.9 5.2 5.2 5.4
Nitric Acid Production 3.4 3.3 3.4 3.5 3.7 3.7 3.8
HFCs, PFCs, and SF, 22.2 21.6 23.0 23.4 25.9 30.8 34.7
Substitution of Ozone Depleting Substances 0.3 0.2 0.4 1.4 4.0 9.5 11.9
Aluminum Production 4.9 4.7 4.1 3.5 2.8 2.7 2.9
HCFC-22 Production 9.5 8.4 9.5 8.7 8.6 7.4 8.5
Semiconductor Manufacture 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Electrical Transmission and Distribution 5.6 5.9 6.2 6.4 6.7 7.0 7.0
Magnesium Production and Processing 1.7 2.0 2.2 2.5 2.7 3.0 3.0
Total 45.5 44.7 45.9 47.2 51.2 56.9 61.5

+ Does not exceed 0.05 MMTCE
* Emissions from these sources are accounted for in the Energy sector and are not included in the Industrial Processes totals.
Note: Totals may not sum due to independent rounding.

duced in almost every state and is used in all of thenof this chapter; therefore, the additional emission from
Carbon dioxide, emitted from the chemical process omaking masonry cement from clinker are not counted in
cement production, represents one of the most signifithis source’s total. They are presented here for informa-
cant sources of industrial G@missions in the United tional purposes only.

States. In 1996, U.S. clinker production—including Puerto
During cement production, calcium carbonateRico—totaled 73.1 teragrams (Tg), and U.S. masonry
(CaCQ) is heated in a cement kiln at a temperature otement production reached 3.4 Tg (USGS 1997). The
1,930C (3,500F) to form lime (i.e., calcium oxide or resulting emissions of C@rom clinker production were
Ca0) and CQ This process is known as calcination orestimated to be 10.1 MMTCE (37.1 Tg), or less than 1
calcining. Next, the lime is combined with silica-con- percent of total U.S. C(emissions (Table 3-3). Emis-
taining materials to produce clinker (an intermediatesions from masonry production from clinker raw mate-
product), with the by-product C®eing released to the rial were estimated to be 0.02 MMTCE (0.08 Tg) in 1996,
atmosphere. The clinker is then allowed to cool, mixedut are accounted for under Lime Manufacture.

with a small amount of gypsum, and used to make Port-  After falling in 1991 by 2 percent from 1990 lev-

land and masonry cement. The production of masonrg|s, cement production emissions have grown every year
cement requires additional lime and, thus, results in acsjnce. Overall, from 1990 to 1996 emissions increased
ditional Cq emissions. However, this additional lime is by 14 percent. In 1996, output by cement p|ants increased
already accounted for in the Lime Manufacture sectiorg percent over 1995, to 73 Tg. In both the near and in-

2 See Annex Q for a discussion of emission sources excluded.
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Table 3-2: Emissions from Industrial Processes (Tg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996
Co, 54.6 53.3 53.7 55.3 58.4 61.5 63.3
Cement Manufacture 32.6 31.9 32.1 33.9 35.4 36.1 37.1
Lime Manufacture 11.9 11.7 12.1 12.4 12.8 13.6 14.1
Limestone and Dolomite Use 5.1 4.9 4.5 4.1 5.3 6.5 6.7
Soda Ash Manufacture and Consumption 4.1 4.0 4.1 4.0 4.0 4.3 4.3
Carbon Dioxide Manufacture 0.8 0.8 0.9 0.9 0.9 1.0 1.1
Iron and Steel Production? 87.6 70.6 75.8 77.1 79.0 81.4 79.0
Ammonia Manufacture? 23.1 23.4 24.4 23.4 24.3 23.7 24.2
Ferroalloy Production? 1.8 1.6 1.6 1.5 1.6 1.6 1.7
Aluminum Production? 6.0 6.1 5.9 5.4 4.9 5.0 5.3
CH, 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Petrochemical Production 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Silicon Carbide Production +
N,O 0.1

Adipic Acid Production
Nitric Acid Production

HFCs, PFCs, and SF,

Substitution of Ozone Depleting Substances

Aluminum Production
HCFC-22 Production®

Semiconductor Manufacture
Electrical Transmission and Distribution®
Magnesium Production and Processing®
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+ Does not exceed 0.05 Tg
M (Mixture of gases)

2 Emissions from these sources are accounted for in the Energy sector and are not included in the Industrial Processes totals.

b HFC-23 emitted
¢ SF, emitted

Note: Totals may not sum due to independent rounding.

Table 3-3: CO, Emissions from Cement Production*

Year MMTCE Tg
1990 8.9 32.6
1991 8.7 31.9
1992 8.8 32.1
1993 983 888
1994 9.7 35.4
1995 9.9 36.1
1996 10.1 37.1

* Totals exclude CO, emissions from making masonry cement
from clinker, which are accounted for under Lime Manufacture.

termediate terms, cement production in the United States

Methodology

Carbon dioxide emissions from cement production
are created by the chemical reaction of carbon-containing
minerals (i.e., calcining limestone). While in the kiln, lime-
stone is broken down into C@nd lime with the CQre-
leased to the atmosphere. The quantity of theebtitted
during cement production is directly proportional to the lime
content of the clinker. During calcination, each mole of
CaCq (i.e., limestone) heated in the clinker kiln forms one
mole of lime (CaO) and one mole of CO

CaCQ + heat® CaO + CQ

is anticipated to grow only modestly (USGS 1996). Ce- Carbon dioxide emissions were estimated by ap-
ment is a critical component of the construction indusplying an emission factor, in tons of C@&leased per
try; therefore, the availability of public construction fund- ton of clinker produced, to the total amount of clinker
ing, as well as overall economic growth, will have con-produced. The emission factor used in this analysis is
siderable influence on cement production in the future.the product of the average lime fraction for clinker of
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64.6 percent (IPCC/UNEP/OECD/IEA 1997) and a con-were compiled by USGS through questionnaires sent to
stant reflecting the mass of Cf@leased per unit of lime. domestic clinker and cement manufacturing plants. For
This yields an emission factor of 0.507 metric tons 0fL996, clinker figures were not yet available. Thus, as
CO, per metric ton of clinker produced. The emissionrecommended by the USGS, clinker production was es-

factor was calculated as follows: timated for 1996 by subtracting 5 percent from Portland
EF ™ 0,646[ Ca0 x 44.01 g/mole (jo = 0.507 tons/ Cgton clinker cement production (Portland cement is a mixture of clin-
56.08 g/mole Ca0 | ker and approximately 5 percent gypsum).

Masonry cement requires additional lime over and

above the lime used in clinker production. In particular,Uncertain'[y

non-plasticizer additives such as lime, slag, and shale are  The uncertainties contained in these estimates are

added to the cement, increasing its weight by approxiprimarily due to uncertainties in the lime content of clin-

mately 5 percent. Lime accounts for approximately 6ker and in the amount of lime added to masonry cement.

percent of this added weight. Thus, the additional limd=or example, the lime content of clinker varies from 64

is equivalent to roughly 2.86 percent of the startingto 66 percent. Also, some amount of G©reabsorbed

amount of the product, since: when the cement is used for construction. As cement
0.6 x 0.05/(1 + 0.05) = 2.86% reacts with water, alkaline substances such as calcium

An emission factor for this added lime can then bdydroxide are formed. During this curing process, these

calculated by multiplying this percentage (2.86 percentfmpounds may react with G the atmosphere to cre-
by the molecular weight ratio of G® CaO (0.785) to ate calcium carbonate. This reaction only occurs in
yield 0.0224 metric tons of additional G@mitted for roughly the outer 0.2 inches of surface area. Since the

every metric ton of masonry cement produced. amount of CQreabsorbed is thought to be minimal, it is
As previously mentioned, the G@missions from not considered in this analysis. In addition, estimating
the additional lime added during masonry cement pro(_emissions based on finished cement production for 1996
duction were accounted for in the section on, €is- ignores the consideration that some domestic cement may
sions from Lime Manufacture. Thus, these emissionge made from imported clinker.

were estimated in this chapter for informational purpose

only, and are not included in the cement emission totalj.‘Ime ManUfaCture

Lime, or calcium oxide (CaO), is an important
manufactured product with many industrial, chemical,

The activity data for cement and clinker produc- 4 i tal licafi L has historicall

. . _and environmental applications. Lime has historica
tion (see Table 3-4) were taken from U.S. Geologlcaﬁ o PP ) i ] y
ranked fifth in total production of all chemicals in the

Survey (USGS 1992, 1995, 1996, 1997); the 1996 figure

. United States. Its major uses are in steel making, flue
was adjusted, as stated below, from USKBeral In- desulfurizat F(]3D fruct | dg
dustry Surveys: Cement in December 1996e data gas desulfurization ( ), construction, pulp and paper

manufacturing, and water purification. Lime production
involves three main processes: stone preparation, calci-
nation, and hydration. Carbon dioxide is generated dur-
ing the calcination stage, when limestone—mostly cal-

Data Sources

Table 3-4: Cement Production (Thousand
Metric Tons)

Year Clinker Masonr . . .

- cium carbonate (CaC>—is roasted at high temperatures
1990 64,355 3,209 . .
1991 62918 2856 in a kiln to produce CaO and GO Some of the CO
1992 63,415 3,093 generated during the production process, however, is re-
1993 66,957 2,975 covered for use in sugar refining and precipitated cal-
1994 69,786 3,283 . . .
1995 71.257 3.603 cium carbonate (PCC) production. The d®©driven
1996 73,103 3,420 off as a gas and is normally emitted to the atmosphere.
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Table 3-5: Net CO, Emissions from Lime percent is consumed for chemical and industrial purposes,

Manufacture of which 28 percent are environmental uses (USGS 1997).
Year MMTCE
1990 23 Methodology
1991 3.2 During the calcination stage of lime manufacture,
ggg 2431 CQ, is driven off as a gas and normally exits the system
1994 35 with the stack gas. The mass of G€leased per unit of
1995 3.7 lime produced can be calculated based on stoichiometry:
1996 38 (44.01 g/mole CQ =+ (56.08 g/mole CaO) = 0.785¢g

cojgca0

Table 3-6: CO, Emissions from Lime

Lime production in the United States was 19,100
Manufacture (Tg)

thousand metric tons in 1996 (USGS 1997), resulting in

Year Production  Recovered* NetEmissions potential CQ emissions of 15.0 Tg. Some of the CO
1990 12.5 (0.5) 11.9 generated during the production process, however, was
1991 12.3 (0.6) 11.7 df . fin d itated cal
1992 127 (0.6) 121 recovered for use in sugar refining and precipitated cal-
1993 13.2 (0.8) 12.4 cium carbonate (PCC) production. Combined lime manu-
1994 13.7 (0.9) 12.8 facture by these producers was 1,428 thousand metric
1995 14.5 (0.9) 13.6 , _ ,

1996 15.0 (0.9) 14.1 tons in 1996, generating 1.1 Tg of C@pproximately

* For sugar refining and precipitated calcium carbonate 80 percent of this CQOwas recovered.

production

Note: Totals may not sum due to independent rounding. ) )
Table 3-7: Lime Manufacture and Lime Use for

) o ) ) ~ Sugar Refining and PCC (Thousand Metric Tons)
Lime production in the United States—including

. . Y Producti u

Puerto Rico—was reported to be 19.1 teragrams (Tg) in el rocucton >
1996 (USGS 1997). This resulted in G@nissions of 1990 ey 826
( ). is resulted in G&nissions o 1991 15694 964

3.8 MMTCE (14.1 Tg), or 0.2 percent of U.S. (nis- 1992 16,227 1,023
sions (see Table 3-5 and Table 3-6). 1993 16,800 1,310
1994 17,400 1,377

Domestic lime manufacture has increased every 1995 18,500 1,504
year since 1991, when it declined by 1 percent from 1990 1996 19,100 1,428

levels. Production in 1996 increased 3 percent over that
in 1995 to about 19 Tg. Commercial sales increased

. J _ "Hata Sources
500,000 metric tons to a record high of 16.9 Tg (USGS

1997).
) consumption by sugar refining and precipitated calcium

Overall, from 1990 to 1996, G(emissions in- carbonate (PCC) for 1990 through 1992 (see Table 3-7)

creased by 1? percent.  This |Tlcresase 1S attrlbu.ted Were taken from USGS (1991, 1992); for 1993 through
part to growth in demand for environmental applications

] i 1994 from Michael Miller (1995); and for 1995 through
In 1993, the U.S. Environmental Protection Agency1996 from USGS (1997)

(EPA) completed regulations under the Clean Air Act
capping sulfur dioxide (Spemissions from electric utili- Uncertainty
ties. This action resulted in greater lime consumption The term “lime” is actually a general term that in-

for flue gas desulfurization systems, which increased bxludes various chemical and physical forms of this com-

16 percent in 1993 (USGS 1994b). At the turn of themodity. Uncertainties in the emission estimate can be at-

century, over 80 percent of lime consumed in the Unlte(gributed to slight differences in the chemical composition

States went for construction uses, but currently over 9(c'))fthese products. For example, although much care is taken

The activity data for lime manufacture and lime
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to avoid contamination during the production process, limé¢_jmestone and Dolomite Use

typically contains trace amounts of impurities such as iron
oxide, alumina and silica. Due to differences in the lime- Limestone (CaCg and dolomite (CaCMgCO,)*
stone used as a raw material, a rigid specification of limare basic raw materials used by a wide variety of indus-
material is impossible. As a result, few plants manufactureries, including construction, agriculture, chemical, met-
lime with exactly the same properties. allurgy, glass manufacture, and environmental pollution
In addition, a portion of the C@mitted during lime control. Limestone is widely distributed throughout the
manufacture will actually be reabsorbed when the lime igvorld in deposits of varying sizes and degrees of purity.
consumed. In most processes that use lime (e.g., water sdferge deposits of limestone occur in nearly every state
ening), CQ reacts with the lime to create calcium carbon-in the United States, and significant quantities are ex-
ate. This is not necessarily true about lime consumption iffacted for commercial use. For example, limestone can
the steel industry, however, which is the largest consumédre used as a flux or purifier in metallurgical furnaces, as
of lime. A detailed accounting of lime use in the Uniteda sorbent in flue gas desulfurization (FGD) systems for
States and further research into the associated processestitity and industrial plants, or as a raw material in glass
required to quantify the amount of Cthat is reabsorbed. manufacturing. Limestone is heated during these pro-
As more information becomes available, this emission esticesses, generating C@s a by-product.
mate will be adjusted accordingly. In 1996, approximately 11.8 Tg of limestone and
In some cases, lime is generated from calcium car3.2 Tg of dolomite were used as flux stone in the chemi-
bonate by-products at paper mills and water treatmer@@l and metallurgical industries, in FGD systems, and
plants® The lime generated by these processes is nder glass manufacturing (see Table 3-10). Overall, both
included in the USGS data for commercial lime consumplimestone and dolomite usage resulted in aggregate CO
tion. In the paper industry, mills which employ the sul-emissions of 1.8 MMTCE (6.7 Tg), or 0.1 percent of U.S.
fate process (i.e., Kraft) consume lime in order toCO, emissions (see Table 3-8 and Table 3-9).
causticize a waste sodium carbonate solution (i.e., black  Emissions in 1996 increased 4 percent from the
liquor). Most sulfate mills recover the waste calciumprevious year. Though slightly decreasing in 1991, 1992,
carbonate after the causticizing operation and calcine #nd 1993, CQemissions from this source have since
back into lime—thereby generating GOfor reuse in  increased 33 percent from the 1990 baseline. In the near
the pulping process. However, some of these mills cagfuture, gradual increases in demand for crushed stone
ture the CQreleased in this process to be used as preare anticipated based on the volume of work on highway
cipitated calcium carbonate (PCC). Further research isnd other infrastructure projects that are being financed
necessary to determine to what extent, @0eleased to by the Intermodal Surface Transportation Efficiency Act
the atmosphere through generation of lime by paper millsf 1991, the National Highway System Designation Act
In the case of water treatment plants, lime is use@f 1995, and the overall growth in the U.S. economy
in the softening process. Some large water treatmefySGS 1996). The increases will be influenced, how-
plants may recover their waste calcium carbonate an@ver, by construction activity for both publicly and pri-
calcine it into quicklime for reuse in the softening pro-vately funded projects.
cess. Further research is necessary to determine the de-
gree to which lime recycling is practiced by water treat-
ment plants in the United States.

3 Some carbide producers may also regenerate lime from their calcium hydroxide by-products, nevertheless this processiisenof a
CO,. In making calcium carbide, quicklime is mixed with coke and heated in electric furnaces. The regeneration of lim®aessisspdone
using a waste calcium hydroxide (hydrated lime) [CaQH,0 ® C,H, + Ca(OH)], not calcium carbonate [CaCJO Thus, the calcium
hydroxide is heated in the kiln to simply expel the water [Ca(GH)eat® CaO + HO] and no CQis released to the atmosphere.

4 Limestone and dolomite are collectively referred to as limestone by the industry, and intermediate varieties are $etioshetist
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Table 3-8: CO, Emissions from Limestone & Dolomite Use (MMTCE)

Activity 1990 1991 1992 1993 1994 1995 1996
Flux Stone 0.8 0.7 0.6 0.5 0.8 1.1 1.1
Glass Making 0.1 + 0.1 0.1 0.1 0.1 0.2
FGD 0.5 0.6 0.5 0.5 0.6 0.6 0.6
Total 1.4 1.3 1.2 1.1 1.5 1.8 1.8

+ Does not exceed 0.05 MMTCE
Note: Totals may not sum due to independent rounding.

Table 3-9: CO, Emissions from Limestone & Dolomite Use (Tg)

Activity 1990 1991 1992 1993 1994 1995 1996
Flux Stone

Limestone 2.6 2.3 2.0 1.6 2.1 2.5 2.7
Dolomite 0.4 0.4 0.3 0.3 0.8 1.4 1.5
Glass Making

Limestone 0.2 0.2 0.2 0.3 0.4 0.4 0.4
Dolomite NA NA NA NA NA 0.1 0.1
FGD 1.9 2.0 2.0 1.9 2.0 2.0 2.1
Total 5.1 4.9 4.5 4.1 5.3 6.5 6.7

NA (Not Available)
Note: Totals may not sum due to independent rounding.

Table 3-10: Limestone & Dolomite Consumption (Thousand Metric Tons)

Activity 1990 1991 1992 1993 1994 1995 1996
Flux Stone

Limestone 5,797 5,213 4,447 3,631 4,792 5,734 6,052
Dolomite 932 838 737 632 1,739 2,852 3,010
Glass Making

Limestone 430 386 495 622 809 958 1,011
Dolomite NA NA NA NA NA 216 228
FGD 4,369 4,606 4,479 4,274 4,639 4,650 4,700

NA (Not Available)

Methodology Data Sources

Carbon dioxide emissions were calculated by mul- Consumption data for 1990 through 1995 of lime-
tiplying the amount of limestone consumed by an averstone and dolomite used as flux stone and in glass manu-
age carbon content for limestone, approximately 12.@acturing (see Table 3-10) were obtained from the USGS
percent for limestone and 13.2 percent for dolomitg1991, 1993, 1996). Data for 1996 were taken from USGS
(based on stoichiometry). Assuming that all of the car{1997). Consumption data for limestone used in FGD were
bon was released into the atmosphere, the appropriat@ken from unpublished survey data in the Energy Informa-
emission factor was multiplied by the annual level oftion Administration’s Form EI-767, “Steam Electric Plant
consumption for flux stone, glass manufacturing, andperation and Design Report,” (EIA 1997).
FGD systems to determine emissions. The USGS reports production of total crushed stone

annually, however, the breakdown of limestone and dolo-
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mite production is only provided for odd years. Consumpstrongly alkaline. Commercial soda ash is used as a raw
tion figures for even years were estimated by assuming thataterial in a variety of industrial processes and in many
limestone and dolomite account for the same percentage fafmiliar consumer products such as glass, soap and de-
total crushed stone for the given even year as the averagetefgents, paper, textiles, and food. Itis used primarily as
the percentages for the years before and after (exceptioan alkali, either in glass manufacturing or simply as a
1990 and 1996 consumption were estimated using the panaterial that reacts with and neutralizes acids or acidic
centages for only 1991 and 1995, respectively). substances. Internationally, two types of soda ash are
It should be noted that there is a large quantity oProduced—natural and synthetic. The United States pro-
crushed stone reported to the USGS under the categoices only natural soda ash and is the largest soda ash-
“unspecified uses”. A portion of this consumption isProducing country in the world. Trona is the principal
believed to be limestone or dolomite used as flux stonere from which natural soda ash is made.
and for glass manufacture. The quantity listed for “un- Only two states produce natural soda ash: Wyoming
specified uses” was, therefore, allocated to each reporteohd California. Of these two states, only Wyoming has net
end-use according to each end-uses fraction of total coemissions of CQ This difference is a result of the produc-

sumption in that year. tion processes employed in each st@aring the produc-
tion process used in Wyoming, natural sources of sodium
Uncertainty carbonate are heated and transformed into a crude soda ash

Uncertainties in this estimate are due to variations irthat requires further refining. Carbon dioxide (F®gen-
the chemical composition of limestone. In addition to cal-erated as a by-product of this reaction, and is eventually
cite, limestone may contain smaller amounts of magnesigmitted into the atmosphere. In addition,,@Dalso re-
silica, and sulfur. The exact specifications for limestone oleased when soda ash is consumed.

dolomite used as flux stone vary with the pyrometallurgical In 1996, CQemissions from trona production were
process, the kind of ore processed, and the final use of th@proximately 0.4 MMTCE (1.6 Tg). Soda ash consump-
slag. Similarly, the quality of the limestone used for glassion in the United States also generated about 0.7
manufacturing will depend on the type of glass being manuyiMTCE (2.7 Tg) of CQin 1996. Total emissions from
factured. Uncertainties also existin the activity data. Muchhis source in 1996 were 1.2 MMTCE (4.3 Tg), or less
of the limestone consumed in the United States is reporteflan 0.1 percent of U.S. G@missions (see Table 3-11
as “other unspecified uses;” therefore, it is difficult to accumnd Table 3-12). Emissions have fluctuated since 1990.
rately allocate this unspecified quantity to the correct endyhese fluctuations were strongly related to the behavior
uses. Furthermore, some of the limestone reported as “limgf the export market and the U.S. economy. Emissions
stone” is believed to be dolomite, which has a higher caiin 1996 decreased by 1 percent from the previous year,

bon content than limestone. but have increased 3 percent since 1990.

The United States has the world’s largest deposits of
SOda ASh Man UfaCture trona and represents about one-third of total world soda ash
and Consumptlon output. The distribution of soda ash by end-use in 1996

was glass making, 48 percent; chemical production, 27 per-
Soda ash (sodium carbonate, 8@,) is a white  cent; soap and detergent manufacturing, 12 percent; dis-
crystalline solid that is readily soluble in water andtributorS, 5 percent; pulp and paper production, 3 percent;

5 This approach was recommended by USGS.

6 In California, soda ash is manufactured using sodium carbonate-bearing brines instead of trona ore. To extract tlaebsoditenthe
complex brines are first treated with Ci@ carbonation towers to convert the sodium carbonate into sodium bicarbonate, which will precipi-
tate under these conditions. The precipitated sodium bicarbonate is then calcined back into sodium carbonate. Altiogghetaded as

a by-product, the CQOis recovered and recycled for use in the carbonation stage and is never actually released.

Industrial Processes 3-9



Table 3-11: CO, Emissions from Soda Ash Manu- 2(NaH(CO,), 2H,0) ® 3Na,CO, + 5H,0 + CQ,

facture and Consumption [trona] [soda ash]
Year MMTCE Based on this formula, approximately 10.27 met-
1990 1.1 ric tons of trona are required to generate one metric ton
igg% H of CO,. Thus, the 16.3 million metric tons of trona mined
1993 1.1 in 1996 for soda ash production (USGS 1997) resulted
1994 11 in CO, emissions of approximately 0.4 MMTCE (1.6 Tg).
iggg 15 Once manufactured, most soda ash is consumed in

glass and chemical production, with minor amounts in soap
Table 3-12: CO. Emissions from Soda Ash Manu- and detergents, pulp and paper, flue gas desulfurization and
facture and Conzsumption (Tg) water treatment. As soda ash is processed for these pur-

poses, additional C@s usually emitted. In these applica-

Trona Soda Ash
Year Production Consumption Total
1990 14 27 41 Table 3-13: Soda Ash Manufacture and Consump-
1991 14 26 40 tion (Thousand Metric Tons)
1992 1.5 2.6 4.1
1993 1.4 26 41 Trona_ SodaAsh
1994 1.4 26 40 Year Production Consumption
1995 1.6 2.7 4.3 1990 14,734 6,527
1996 1.6 2.7 4.3 1991 14,674 6,287
Note: Totals may not sum due to independent rounding. 1992 14,900 6,360
1993 14,500 6,350
fl d ifurizati dmi I 1994 14,600 6,240
ue gas desulfurization and miscellaneous, 2 percent eac 1995 16,500 6.510
and water treatment, 1 percent (USGS 1997). 1996 16,300 6,410

Exports are a driving force behind increasing U.S.

soda ash production capacity (USGS 1997). For ext_ions, it is assumed that one mole of carbon is released for

le, the automoti facturing industry in South .
ample, the atfomotive mantfaciuring Industry in Sou every mole of soda ash used. Thus, approximately 0.113

Americai di iderably. Thi i ill . .

me_rlca 'S §>.<pan ng Cc?r?SI erably IS expansion \_NI metric tons of carbon (or 0.415 metric tons of Cade re-
require additional quantities of flat glass for automotive .

i ) ] - ) leased for every metric ton of soda ash consumed.
windows in the estimated 2 million vehicles that are
planned to be built by the end of the century (USG%ata Sources
1997). Domestic soda ash consumption is also expected

s The activity data for trona production and soda ash
to rise in 1997.

consumption (see Table 3-13) were taken from USGS
(1993, 1994, 1995, 1997). Soda ash production and in-

Methodolo
gy ventory data were collected by the USGS from volun-

During the production process, trona ore is calcined . .
9 P P tary surveys of the U.S. soda ash industry. All six of the

in a rotary kiln and chemically transformed into a crude . . .
y y soda ash operations in the United States completed sur-

soda ash that requires further processing. Carbon diox- . . .
_ veys to provide production and consumption data to the
ide and water are generated as a by-product of the Cal%-SGS
nation process. Carbon dioxide emissions from the cal- '
cination of trona can be estimated based on the follow-

ing chemical reaction:

7 \tis unclear to what extent the Csed for EOR will be re-released. For example, theused for EOR is likely to show up at the wellhead
after a few years of injection (Hangebrauk et al. 1992). Thig l@vever, is typically recovered and re-injected into the well. More research
is required to determine the amount of (f@at in fact escapes. For the purposes of this analysis, it is assumed that all of teen@iGs
sequestered.
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Uncertainty Table 3-14: CO, Emissions from Carbon Dioxide

Emissions from soda ash consumption are dependeMtanUfaCture
upon the type of processing employed by each end-us Year MMTCE Tg
however, specific information characterizing the emission: 1990 0.2 0.8
from each end-use is limited. Therefore, uncertainty exist Bg; 8-3 8-3
as to the accuracy of the emission factors. 1993 02 0.9
1994 0.2 0.9
Carbon Dioxide Manufacture o o 0

Carbon dioxide (C¢) is used for a variety of ap-
plications, including food processing, chemical produc-consumption for uses other than enhanced oil recovery was
tion, carbonated beverages, and enhanced oil recoveapout 5.7 teragrams in 1996 (Ita 1997). The Freedonia
(EOR). Carbon dioxide used for EOR is injected intoGroup estimates that, in the United States, there is a 80 to
the ground to increase reservoir pressure, and is ther20 percent split between CQroduced as a by-product and
fore considered sequesteredzor the most part, how- CO, produced from natural wells. Thus, emissions are equal
ever, CQused in non-EOR applications will eventually to 20 percent of COronsumption. The remaining 80 per-
enter the atmosphere. cent was assumed to already be accounted for in the CO
Carbon dioxide is produced from a small numberémission estimates from other categories (the most impor-
of natural wells, as a by-product from the production oftant being Fossil Fuel Combustion).
chemicals (e.g., ammonia), or separated from crude oil
and natural gas. Depending on the raw materials that al%ata Sources
used, the by-product C@enerated during these pro- Carbon dioxide consumption data (see Table 3-15)
duction processes may already be accounted for in tH¥ere obtained from Freedonia Group Inc. (1994, 1996).
CO, emission estimates from fossil fuel consumptionData for 1996 were obtained by personal communica-
(either during combustion or from non-fuel uses). Fortion with Paul Ita of the Freedonia Group Inc. (1997).
example, ammonia is manufactured using primarily natuPercent of carbon dioxide produced from natural wells
ral gas as a feedstock. Carbon dioxide emissions froyas obtained from Freedonia Group Inc. (1991).
this process are accounted for in the Energy sector under

Fossil Fuel Combustion and therefore are not include(-JEable 3-15: Carbon Dioxide Consumption

here. Thousand
In 1996, CQ emissions from this source were ap- vear dcthicilion
proximately 0.3 MMTCE (1.1 Tg), or less than 0.1 per- 133(1) j:ggg
centof U.S. COemissions (see Table 3-14). This amount 1992 4,410
represents an increase of 18 percent from the previot 1993 4,559
year and is 43 percent higher than @@issions in 1990, 133: j:gig
which totaled 0.2 MMTCE. Carbon dioxide demand in 1996 5,702

the merchant market is expected to expand 4.2 perce. ..

annually through 1998 (Freedonia Group 1994). .
Uncertainty

Meth0d0|0gy Uncertainty exists in the assumed allocation of car-

Carbon dioxide emission estimates were based gn cdon dioxide manufactured from fossil fuel by-products
consumption with the assumption that the end-use applick80 Percent) and carbon dioxide produced from wells
tions, except enhanced oil recovery, eventually release 1d60 Percent). In addition, it is possible that C&cov-
percent of the CQinto the atmosphere. Carbon dioxide ery exists in particular end-use sectors. Contact with
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several organizations did not provide any informationMethodology

regarding recovery. More research is required to deter-  Carbon dioxide emissions were calculated by multi-
mine the quantity, if any, that may be recovered. plying annual estimates of pig iron production by the ratio

of CQ, emitted per unit of iron produced (1.6 metric ton
Iron and Steel Production COyton iron). The emission factor employed was applied

to both pig iron production and integrated pig iron plus steel
The production of iron and steel emits C@ron is  production; therefore, emissions were estimated using total

produced by first reducing iron oxide (ore) with metallurgi-y s, pig iron production for all uses including making steel.
cal coke in a blast furnace to produce pig iron (impure iron

of about 4 to 4.5 percent carbon by weight). Carbon dioxData Sources

ide is produced as the coke used in the process is oxidized.  The emission factor was taken from Bevised 1996
Steel (less than 2 percent carbon by weight) is producegcc GuidelineglPCC/UNEP/OECD/IEA 1997). Produc-
from pig iron in a variety of specialized steel furnaces. Theion data for 1990 through 1996 (see Table 3-17) came from
majority of CQ emissions come from the production of he .S, Geological Survey’s (USG)nerals Yearbook:

iron, with smaller amounts evolving from the removal of\/plume I-Metals and Minera@JSGS 1994, 1996).

carbon from pig iron to produce steel.

Additional CQ emissions also occur from the use Table 3-17. Pig Iron Production

of limestone or dolomite flux; however, these emissions Year Thousand Metric Tons

are accounted for under Limestone and Dolomite Use. 1990 54,750
Emissions of COfrom iron and steel production 133; 2‘71:41188

in 1996 were 21.6 MMTCE (79.0 Tg), falling from a 1993 48,200

high of 23.9 MMTCE (87.6 Tg) in 1990. Emissions fluc- 1994 49,400

tuated significantly in this period. G@missions from 1332 281288

this source are not included in totals for the Industria
Processes sector because these emissions are accounted ]
for with Fossil Fuel Combustion emissions from indus-Uncertamty

trial coking coal in the Energy secfofEmissions esti- The emission factor employed was assumed to be
mates are presented here for informational purposes onfPplicable to both pig iron production and integrated pig
(see Table 3-16). iron plus steel production. This assumption was made
because the uncertainty in the factor is greater than the
;ab:je 3t-'16: CO, Emissions from Iron and Steel additional emissions generated when steel is produced
roduction L . S .
from pig iron. Using plant-specific emission factors
Year MMTCE Tg would yield a more accurate estimate, but these factors
1990 23.9 87.6 were not available. The most accurate alternative would
1991 19.2 70.6 be to calculate emissions based on the amount of reduc-
1992 20.6 75.8 . .
1993 21.0 771 ing agent used, rather than on the amount of iron or steel
1994 21.6 79.0 produced; however, these data were also not available.
1995 22.2 81.4
1996 21.6 79.0

8 Although the COemissions from the use of industrial coking coal as a reducing agent should be included in the Industrial Processes sector,
information to distinguish individual non-fuel uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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Ammonia Manufacture Methodology

Emissions of CQwere calculated by multiplying an-
Emissions of CQoccur during the production of nual estimates of ammonia production by an emission fac-

ammonia. In the United States, roughly 98 percent ofor (1.5 ton CQton ammonia). It was assumed that all

synthetic ammonia is produced by catalytic steam reformammonia was produced using catalytic steam reformation,

ing of natural gas, and the remainder is produced usingithough small amounts may have been produced using

naphtha (a petroleum fraction) or the electrolysis of brinechlorine brines. The actual amount produced using this lat-

at chlorine plants (EPA 1997). The former two fossilter method is not known, but assumed to be small.

fuel-based reactions produce carbon monoxide and hy-

drogen gas. (The latter reaction does not lead tg cdata Sources

emissions.) Carbon monoxide (CO) is transformed into The emission factor was taken from tRevised

CQ, in the presence of a catalyst (usually a metallic 0x1996 IPCC GuidelinedPCC/UNEP/OECD/IEA 1997).

ide) during the process. The hydrogen gas is diverteBroduction data (see Table 3-19) came from the Census

and combined with nitrogen gas to produce ammoniaBureau of the U.S. Department of Commerce (Census

The CQ, included in a gas stream with other procesBureau 1997).

impurities, is absorbed by a scrubber solution. In regen- .

erating the scrubber solution, C@ released. Table 3-19: Ammonia Manufacture

(catalyst) Year Metric tons

CH, + HO — 4H, + CQ, 1990 15,425,394

1991 15,573,812

3H, + N, - 2NH, 1992 16,260,834

1993 15,599,485

Emissions of COfrom ammonia production in 1996 1994 16,210,848

were 6.6 MMTCE (24.2 Tg). For the 1990 through 1996 1995 15,787,276
1996 16,113,777

period, emissions fluctuated within a range of 6.3 to 6.
MMTCE (23.1t0 24.4 Tg). Carbon dioxide emissions from
this source are not included in totals for the Industrial Proncertainty
cesses sector because these emissions are accounted for with It is uncertain how accurately the emission factor
Fossil Fuel Combustion of natural gas in the Energy seaised represents an average across all ammonia plants.
tor® Emissions estimates are presented here for inform@y using an alternative method of estimating emissions
tional purposes only (see Table 3-18). from ammonia production that requires data on the con-
Table 3-18: CO, Emissions from Ammonia sumption of.natural gas at each ammonia plant, more
Manufacture accurate estimates could be calculated. However, these
consumption data are often considered confidential and

Year MMTCE 19 are difficult to acquire. All ammonia production in this
iggcl) 2'2 221 analysis was assumed to be from the same process; how-
1992 6.7 244 ever, actual emissions could differ because processes
1993 6.4 23.4 other than catalytic steam reformation may have been
1994 6.6 243 d

1995 6.5 23.7 used.

1996 6.6 24.2

9 Although the C(Z)emissions from the use of natural gas as a feedstock should be included in the Industrial Processes sector, information to
distinguish individual non-fuel uses of fossil fuels is unfortunately not available in DOE/EIA fuel statistics.
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Ferroalloy Production Methodology
Emissions of CQwere calculated by multiplying
Carbon dioxide is emitted from the production of annual estimates of ferroalloy production by material-
several ferroalloys. Ferroalloys are composites of irospecific emission factors. Emission factors were applied
and other elements often including silicon, manganeseo production data for ferrosilicon 50 and 75 percent (2.35
and chromium. When incorporated in alloy steelsand 3.9 metric ton Cimetric ton, respectively) and sili-
ferroalloys are used to alter the material properties of theon metal (4.3 metric ton Cfinetric ton). It was as-
steel. Estimates from two types of ferrosilicon (50 andsumed that all ferroalloy production was produced using
75 percent silicon) and silicon metal (about 98 percentoking coal, although some ferroalloys may have been
silicon) have been calculated. Emissions from the proproduced with wood, biomass, or graphite carbon inputs.
duction of ferrochromium and ferromanganese are not
included here because of the small number of manufaddata Sources
turers of these materials. As a result, government infor- Emission factors were taken from tRevised 1996
mation disclosure rules prevent the publication of pro4PCC GuidelineglPCC/UNEP/OECD/IEA 1997). Produc-
duction data for them. Similar to emissions from thetion data for 1990 through 1996 (see Table 3-21) came from
production of iron and steel, GiS emitted when coke is  the Minerals Yearbook: Volume |—Metals and Minerals
oxidized during a high-temperature reaction with ironpublished in USGS (1991, 1992, 1993, 1994, 1995, 1996,
and the selected alloying element. Due to the strong rer997).
ducing environment, CO is initially produced. The CO
is eventually oxidized, becoming COA representative

Table 3-21: Production of Ferroalloys (Metric Tons)

reaction equation for the production of 50 percent Ferrosilicon Silicon
ferrosilicon is given below: Year 50% 75% Metal
FeO, + ZSiq +7C = 2FeSi + 7CO 1990 321,385 109,566 145,744

8 1991 230,019 101,549 149,570

Emissions of COfrom ferroalloy production in 1996 1992 238,562 79,976 164,326

were 0.5 MMTCE (1.7 Tg). From 1990 through 1996, 1993 199,275 94,437 158,000
L . 1994 198,000 112,000 164,000
emissions fluctuated within a range of 0.4 to 0.5 MMTCE 1995 181,000 128,000 163,000
(1.5t0 1.8 Tg). Carbon dioxide emissions from this sourc: 1996 182,000 132,000 175,000

are not included totals for the Industrial Processes sect..

because these emissions are accounted for in the calcula-

tions of industrial coking coal combustion under the EnUncertainty

ergy sectof’® Emission estimates are presented here for Although some ferroalloys may be produced us-
informational purposes only (see Table 3-20). ing wood or biomass as a carbon source, information
Table 3-20: CO, Emissions from Ferroalloy anq df.ita regarding these practices We.re not available.
Production Emissions from ferroalloys produced with wood would

not be counted under this source because wood-based

vear MMICE 19 carbon is of biogenic origitt. Emissions from ferroalloys
ng 8'3 1'2 produced with graphite inputs would be counted in na-
1992 0:4 1:6 tional totals, but may generate differing amounts of CO
1993 0.4 1.5 per unit of ferroalloy produced compared to the use of
1994 0.4 1.6 . . . .

1995 04 16 coking coal. As with emissions from iron and steel pro-
1996 0.5 1.7 duction, the most accurate method for these estimates

would be basing calculations on the amount of reducing

10 Although the C(Z)emissions from the use of industrial coking coal as a reducing agent should be included in the Industrial Processes
sector, information to distinguish individual non-fuel uses of fossil fuels is unfortunately not available in DOE/EIA fsitstat

11 Emissions and sinks of biogenic carbon are accounted for under the Land-Use Change and Forestry sector.
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agent used in the process, rather than on the amount Pata Sources

ferroalloys produced. Again, these data were unavail- Emission factors were taken from fRevised 1996

able. IPCC GuidelinegIPCC/UNEP/OECD/IEA 1997). An-
nual production data (see Table 3-23) came from the

Petrochemical Production Chemical Manufacturers Associati@tatistical Hand-

book(CMA 1997).
Small amounts of methane (QHre released dur-

ing the production of petrochemicals. Emissions are cakJ ncertainty
culated here from the production of five chemicals: car- The emission factors used here were based on a

bon black, ethylene, ethylene dichloride, styrene, an¢mited number of studies. Using plant-specific factors
methanol. Emissions of GHrom petrochemical pro- jnstead of average factors would increase the accuracy
duction in 1996 were 0.4 MMTCE (73 Gg), or 0.2 per-of the emissions estimates, however, such data were not
centof U.S. Chlemissions (see Table 3-22). Productionayajlable. There may also be other significant sources of
levels of all five chemicals increased from 1990 to 1996 methane arising from chemical production activities

o ) which have not been included in these estimates.
Table 3-22: CH, Emissions from Petrochemical

Production - . .
Silicon Carbide Production

Year MMTCE Gg
1990 0.3 55 Methane is emitted from the production of silicon
igg% 8'3 gg carbide, a material used as an industrial abrasive. To
1993 0.4 65 make silicon carbide (SiC), quartz (S)@ reacted with
1994 0.4 70 carbon in the form of petroleum coke. Methane is pro-
1995 0.4 70 . . . . .
1996 0.4 73 duced during this reaction from volatile compounds in

the petroleum coke. Although C@ also emitted from
this production process, the requisite data were unavail-
Methodology able for these calculations. Regardless, they are already
Emissions of Ckiwere calculated by multiplying accounted for under CGrom Fossil Fuel Combustion
annual estimates of chemical production by an emissioim the Energy sector. Emissions of Gkvm silicon car-
factor. The following factors were used: 11 kg ,CH bide production in 1996 (see Table 3-24) were less than
metric ton carbon black, 1 kg Ghhetric ton ethylene, 0.1 MMTCE (1 Gg).
0.4 kg CH/metric ton ethylene dichloride, 4 kg (Jhhet-
ric ton styrene, and 2 kg Ghetric ton methanol. These Methodology
emission factors were based upon measured material bal- ~ Emissions of CHwere calculated by multiplying
ances. Although the production of other chemicals mawynnual estimates of silicon carbide production by an emis-
also result in methane emissions, there were not suffision factor (11.6 kg Cjfimetric ton silicon carbide). This
cient data to estimate their emissions. emission factor was derived empirically from measure-

Table 3-23: Production of Selected Petrochemicals (Metric Tons)

Chemical 1990 1991 1992 1993 1994 1995 1996
Carbon Black 1,306,368 1,224,720 1,365,336 1,451,520 1,492,344 1,524,096 1,560,384
Ethylene 16,541,885 18,124,042 18,563,126 18,382,594 20,200,622 19,470,326 20,343,960
Ethylene Dichloride 6,282,360 6,220,670 6,872,040 8,141,213 8,482,320 7,830,950 8,595,720
Styrene 3,636,965 3,680,510 4,082,400 4,565,030 5,112,072 5,166,504 5,386,954
Methanol 3,784,838 3,948,134 3,665,995 4,781,851 4,904,323 5,122,958 5,261,760
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Table 3-24: CH, Emissions from Silicon Carbide

Production

Year

MMTCE

Gy

1990
1991
1992
1993
1994
1995
1996

+ 4+ + + + + +

[N T T SN

+ Does not exceed 0.05 MMTCE

in the manufacture of synthetic fibers, coatings, plastics,
urethane foams, elastomers, and synthetic lubricants.
Commercially, it is the most important of the aliphatic
dicarboxylic acids, which are used to manufacture poly-
esters. Ninety percent of all adipic acid produced in the
United States is used in the production of nylon 6,6. Itis
also used to provide some foods with a “tangy” flavor.
Adipic acid is produced through a two-stage pro-
cess during which )D is generated in the second stage.
This second stage involves the oxidation of ketone-alco-

ments taken at Norwegian silicon carbide plants (IPCChol with nitric acid. Nitrous oxide is generated as a by-
UNEP/OECD/IEA 1997).

Data Sources
The emission factor was taken from tRevised
1996 IPCC GuidelinedPCC/UNEP/OECD/IEA 1997).

product of this reaction and is emitted in the waste gas
stream. In the United States, this waste gas is treated to
remove nitrogen oxides (N other regulated pollut-
ants, and in some casegN There are currently four
plants in the United States that produce adipic acid. Since

Production data for 1990 through 1996 (see Table 3-25)990, two of these plants have employed emission con-
came from thélinerals Yearbook: Volume I-Metals and trol measures destroying roughly 98 percent of th@ N
Minerals published in USGS (1991, 1992, 1993, 1994n their waste gas stream before it is released to the at-

1995, 1996, 1997).

Table 3-25: Production of Silicon Carbide

Year Metric Tons
1990 105,000
1991 78,900
1992 84,300
1993 74,900
1994 84,700
1995 75,400
1996 73,600

Uncertainty

The emission factor used here was based on ong,nyy different path by the end of 1997, due to the wide-

study of Norwegian plants. The applicability of this fac-

mosphere (Radian 1992). It is expected that all adipic
acid production plants will have ® emission controls

in place and operating by the end of 1997, as a result of
a voluntary agreement among producers.

Adipic acid production for 1996 was estimated to be
835 thousand metric tons. Nitrous oxide emissions from
this source were estimated to be 5.4 MMTCE for 1996, or 5
percent of U.S. O emissions (see Table 3-26).

Adipic acid production reached its highest level in
twelve years in 1996, growing about 2 percent from the
previous year. Though production may continue to in-
crease in the future, emissions should follow a signifi-

spread installation of pollution control measures men-

tor to average U.S. practices at silicon carbide plants i§;ned above.

uncertain. The most accurate alternative would be to

calculate emissions based on the quantity of petroleu . o . :
_ . q y orp Fable 3-26: N,O Emissions from Adipic Acid

coke used during the production process rather than amanufacture

the amount of silicon carbide produced. Again, thesr

. Y MMTCE G

data were unavailable. Sl <
1990 4.7 56

.. . . 1991 4.9 58
Adipic Acid Production 1992 46 54
1993 4.9 58
Adipic acid production has been identified as a sig- iggg gg 2;
nificant anthropogenic source of nitrous oxide,QIN 1996 5.4 63

emissions. Adipic acid is a white crystalline solid usec
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Methodology adipic acid production data used to derive the emission

Nitrous oxide emissions were calculated by multi-estimates as it is necessary to assume that all plants op-
plying adipic acid production by the ratio of®lemit- ~ erate at equivalent utilization levels.
ted per unit of adipic acid produced and adjusting for the The emission factor was based on experiments
actual percentage of © released as a result of plant (Thiemens and Trogler 1991) that attempt to replicate
specific emission controls. Because emissions©OfiN  the industrial process and, thereby, measure the reaction
the United States are not regulated, emissions have nstoichiometry for NO production in the preparation of
been well characterized. However, on the basis of exadipic acid. However, the extent to which the lab results
periments (Thiemens and Trogler 1991), the overall reare representative of actual industrial emission rates is
action stoichiometry for O production in the prepara- not known.
tion of adipic acid was estimated at approximately 0.3

kg of N,O per kilogram of product. Nitric Acid Production

Data Sources Nitric acid (HNQ) is an inorganic compound used
Adipic acid production data for 1990 through 1995 primarily to make synthetic commercial fertilizer. It is
(see Table 3-27) were obtained fr@hemical and En- also a major component in the production of adipic acid—
gineering News‘Facts and Figures” and “Production of a feedstock for nylon—and explosives. Virtually all of
Top 50 Chemicals” (C&EN 1992, 1993, 1994, 1995,the nitric acid produced in the United States is manufac-
1996). The 1996 data were projected from the 199%ured by the catalytic oxidation of ammonia (EPA 1997).
manufactured total based upon suggestions of industiipuring this reaction, MO is formed as a by-product and
contacts. The emission factor was taken from Thiemenss released from reactor vents into the atmosphere. While

M.H. and W.C. Trogler (1991). the waste gas stream may be cleaned of other pollutants
such as nitrogen dioxide, there are currently no control
Table 3-27: Adipic Acid Manufacture measures aimed at eliminating\
. T Ve Tons Nitric acid production reached 8,252 thousand
1990 735 metric tons in 1996 (C&EN 1997). Nitrous oxide emis-
1991 771 sions from this source were estimated at 3.8 MMTCE,
ggg ;22 accounting for approximately 4 percent of U.JONmis-
1994 815 sions (see Table 3-28). Nitric acid production for 1996
1995 816 increased 3 percent from the previous year, or 12 per-
1996 835

cent since 1990.

) Table 3-28: N,O Emissions from Nitric Acid
Uncertainty Manufacture

Because D emissions are controlled in some adi-

Year MMTCE Gg
ic acid production facilities, the amount ofONthat is

P P ) JCN ~ 1990 3.4 40
actually released will depend on the level of controls ir 1991 3.9 40
place at a specific production plant. Thus, in order t¢ 1992 3.4 40
. . o 1993 3.5 41

calculate accurate emission estimates, it is necessary g9, 37 44
have production data on a plant-specific basis. In mos 1995 3.7 44
1996 3.8 45

cases, however, these data are confidential. As a resL
plant-specific production figures were estimated by al-
locating total adipic acid production using existing plant
capacities. This creates a degree of uncertainty in the
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Methodology Substitution of Ozone
Nitrous oxide emissions were calculated by muIti-Dep|eting SU bstances

plying nitric acid production by the amount of®lemit-

ted per unit of nitric acid produced. Off-gas measure- Hydrofluorocarbons (HFCs) and perfluorocarbons
ments at one nitric acid production facility showe®N  (prcs) are used primarily as alternatives to several classes
emission rates to be approximately 2 to 9,91er kg of ozone-depleting substances (ODSs) that are being phased

of nitric acid produced (Reimer et al. 1992). In calculat-oyt ynder the terms of thdontreal Protocolnd the Clean
ing emissions, the midpoint of this range was used (5.2 Act Amendments of 1998, Ozone depleting
kg N,O/metric ton HNQ).

substances—chlorofluorocarbons (CFCs), halons, carbon
tetrachloride, methyl chloroform, and hydrochloro-
Data Sources fluorocarbons (HCFCs)—are used in a variety of industrial

Nitric acid production data for 1990 through 1996 5 jications including refrigeration and air conditioning

(see Table 3-29) were obtained fr@hemical and En-  quipment, solvent cleaning, foam production, sterilization,

gineering News‘Facts and Figures” and “Production of fie extinguishing, and aerosols. Although HFCs and PFCs,
Top 50 Chemicals” (C&EN 1992, 1993, 1994, 1995, pjike ODSs, are not harmful to the stratospheric ozone

1996). The emission factor range was taken from Reimefayer, they are powerful greenhouse gases. Emission

R.A., Parrett, R.A., and Slaten, C.S. (1992). estimates for HFCs and PFCs used as substitutes for ODSs

are provided in Table 3-30 and Table 3-31.

Table 3-29: Nitric Acid Manufacture In 1990 and 1991, the only significant emissions

Year Thousand Metric Tons of HFCs and PFCs as substitutes to ODS were relatively
1990 7257 small amounts of HFC-152a—a component of the re-

1991 7,189 frigerant blend R-500 used in chillers—and HFC-134a

133; ;‘igg in refrigeration end-uses. Beginning in 1992, HFC-134a
1994 8,005 was used in growing amounts as a refrigerant in motor
1995 8,023 vehicle air conditioners and in refrigerant blends such as
1996 8,252

R-4043. In 1993, use of HFCs in foams and aerosols
began, and in 1994 these compounds also found appli-
cations as solvents and sterilants. In 1995, ODS substi-

Uncertamty tutes for halons entered widespread use in the United
These emission estimates are highly uncertain du%tates as halon production was phased-out

to a lack of information on manufacturing processes and L
gp The use and subsequent emissions of HFCs and

emission controls. Although no abatement technique . . .
- ] g ] o _q E’FCS as ODS substitutes increased dramatically,
are specifically directed at removing® at nitric acid

from
o small amounts in 1990, to 11.9 MMTCE in 1996. This
plants, existing control measures for other pollutants ma},ncrease was the result of efforts to phase-out CFCs and

have some impact upo emissions. The emission . . . .
P pon, other ODSs in the United States. This trend is expected

factor range of 2 to 9 er kg of nitric acid pro- . . .
g 90 per kg P to continue for many years, and will accelerate in the

duced is significant, leading to furth tainty wh . .
uce. 'S signi |f:an , eading fo furiner tncertainty w enearly part of the next century as HCFCs, which are in-
applying the midpoint value.

terim substitutes in many applications, are themselves
phased-out under the provisions of the Copenhagen
Amendments to th¥lontreal Protocol

12 [42 U.S.C § 7671, CAA 8 601]
13 R-404 contains HFC-125, HFC-143a, and HFC-134a.
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Table 3-30: Emissions

of HFCs and PFCs from ODS Substitution (MMTCE)

Gas 1990 1991 1992 1993 1994 1995 1996
HFC-23 + + + + + + 0.1
HFC-125 + + 0.2 0.4 1.2 2.2 2.4
HFC-134a 0.2 0.2 0.2 1.0 1.9 3.4 4.8
HFC-143a + + + + + 0.1 0.2
HFC-152a 0.1 + + + + + +
HFC-227ea + + + + 0.7 1.5 1.6
HFC-236fa + + + + + + 0.1
HFC-4310mee + + + + + 0.2 0.4
CF, + + + + + + 0.1

T + + + + + + +
PFC/PFPEs* + + + + 0.1 2.0 2.0
Total 0.3 0.2 0.4 1.4 4.0 9.5 11.9

+ Does not exceed 0.05 MMTCE

* PFC/PFPEs are a proxy for a diverse collection of PFCs and perfluoropolyethers (PFPEs) employed for solventapplications. For estimating
purposes, the GWP value used was based upon CF,,.

Note: Totals may not sum due to independent rounding.

Table 3-31: Emissions of HFCs and PFCs from ODS Substitution (Mg)

Gas 1990 1991 1992 1993 1994 1995 1996
HFC-23 + + + + + 9 26
HFC-125 + + 236 481 1,628 2,823 3,172
HFC-134a 564 564 626 2,885 5,410 9,553 13,605
HFC-143a + + + 12 43 94 226
HFC-152a 1,500 750 313 694 833 981 1,085
HFC-227ea + + + + 894 1,895 2,063
HFC-236fa + + + + + + 79
HFC-4310mee + + + + + 611 1,030
CF, + + + + + 22 64
oF + + + + + 2 6
PFC/PFPEs* + + + + 33 990 990

+ Does not exceed 0.5 Mg
* PFC/PFPEs are a proxy for a diverse collection of PFCs and perfluoropolyethers (PFPEs) employed for solvent
applications.

Methodology and Data Sources chemicals and the amount of the chemical required to
The EPA used a detailed vintaging model of ODS-manufacture and/or maintain equipment and products
containing equipment and products to estimate the usever time. Emissions for each end-use were estimated
and emissions of various ODS substitutes, includindy applying annual leak rates and release profiles. By
HFCs and PFCs. The name of the model refers to theggregating the data for more than 40 different end-uses,
fact that the model tracks the use and emissions of varihe model produces estimates of annual use and emis-
ous compounds for the annual “vintages” of new equipsions of each compound.
ment that enter service in each end-use. This vintaging  The major end-use categories defined in the
model predicts ODS and ODS substitute use in the Unitedintaging model to characterize ODS use in the United
States based on modeled estimates of the quantity &ftates were: refrigeration and air conditioning, aerosols,
equipment or products sold each year containing thessolvent cleaning, fire extinguishing equipment, steriliza-
tion, and foams.
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The vintaging model estimates HFC and PFC uséime each piece of equipment is expected to remain in
and emissions resulting from their use as replacementervice. These retirement functions are a critical part of

for ODS by undertaking the following steps: the vintaging model because they determine the speed at
which the stock of equipment turns over and is replaced
Step 1: Estimate ODS Use in the United States by new equipment. In this analysis, point estimates of

Prior to Phase-out Regulations L . :
. L the average lifetime of equipment in each end-use were
The model begins by estimating chlorofluorocar- . . )
used to develop retirement functions. These retirement
bon (CFC), halon, methyl chloroform, and carbon tetra- ) ) )
unctions assume 100 percent survival of equipment up

chloride use prior to the restrictions on the production o , )
. . ._to this average age and zero percent survival thereafter.
these compounds in the United States. For modeling

purposes, total ODS use was divided into more than 40 Given these data, the total equipment stock in ser-

separate end-uses. The methodology used to estiméﬂge in a given year was estimated as the equipment
baseline ODS use varied depending on the end-use uﬁt-OCk in the yeart{1), plus new equipment added to the
der consideration. The next section describes the metﬁ'—tOCk in yeat, minus retirements in year

odology used for estimating baseline ODS use inthe re-  Annual ODS use was then estimated for each equip-
frigeration, air conditioning, and fire extinguishing Ment type during the period 1985 through 1996. Be-
(halon) sectors. The subsequent section details the mefRUSe control technologies can reduce particular kinds

odology used for all other end-uses. of ODS use, use estimates were broken down by type of
use (e.g., use in new equipment at manufacture and use

Step 1.1: Estimate Baseline ODS Use for required to maintain existing equipment). Baseline esti-
Refrigeration, Air Conditioning, and Fire mates of ODS use were based on the following data col-

Extinguishing

For each equipment type, the model estimates th
total stock of ODS-containing equipment during the pe-
riod 1985 to 1996. The key data required to develop
stock estimates for each end-use were as follows:

Iéacted for each equipment type:

ODS charge size (Refers to the number of kilograms
of ODS installed in new equipment during manu-

facture)

ODS required to maintain existing equipment (In

many end-uses, ODS must be regularly added to
equipment to replace chemical emitted from the

equipment. Such emissions result from normal leak-
age and from loss during servicing of the equipment.)

. Total stock of ODS-containing equipment in use in®
the United States in 1985

. The annual rate of growth in equipment consump-
tion in each end-use

. The retirement function for equipment in each

end-use With these data, ODS usage for each refrigeration,

L . . air conditioning, and fire extinguishing end-use was cal-
Historical production and consumption data were i ) i
. . culated using the following equation:
collected for each equipment type to develop estimates
of total equipment stock in 1985. For some end-uses, o _ o _
the only data available were estimates of ODS usage. fgduired to maintain each unit of existing equipment) +
these cases, the total 1985 stock was estimated by divi@hIeW equipment additions) X (ODS charge size)

ing total ODS use by the average charge of ODS in a

(Total stock of existing equipment in use) X (ODS

) ) ] Step 1.2: Estimate Baseline ODS Use in Foams,
typical piece of equipment. Solvents, Sterilization, and Aerosol End-Uses

Stocks of ODS-containing equipment change over For end-uses other than refrigeration, air condition-
time. In the vintaging model, the growth in equipmenting, and fire extinguishing, a simpler approach was used
stocks in each end-use was simulated after 1985 usirtgecause these end-uses do not require partial re-filling
growth rates that define the total number of pieces obf existing equipment each year. Instead, such equip-
new equipment added to the stock each year. The modelent either does not require any ODS after initial pro-
also uses a retirement function to calculate the length afuction (e.g., foams and aerosols), or requires complete
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re-filling or re-manufacturing of the equipment each year The substitution scenarios defined for each equip-
(e.g., solvents and sterilants). ODS use does not needreent type were applied to the relevant equipment stocks.
be differentiated between new and existing equipmenThe equipment life-cycle was then simulated after the
for these end-uses. Thus, it is not necessary to track tlmposition of controls. Substitute chemical use and emis-
stocks of new and existing equipment separately ovesions—including HFCs and PFCs—were calculated for
time. each scenario using the methods described below.
The approach used for these end-uses was to esti-
mate total ODS use in 1985 based on available industry Emissions (HFCs and PECs)
data. Future ODS use was estimated using growth rates ODS substitute use (i.e., HFC and PFC use) was

that predict ODS consumption growth in these end'use@alculated using the same routine described above for
over time, based upon input from industry.

Step 3: Estimate ODS Substitute Use and

refrigeration, air conditioning, and fire extinguishing

Step 2: Specification and Implementation of equipment. In terms of chemical usage, a key question

Control Technologies was whether implementation of a given ODS substitute

Having established a baseline for ODS equipmenth an end-use changed the quantity of chemical required
in 1985, the vintaging model next defines controls thato manufacture new equipment or service existing equip-
may be undertaken for purposes of reducing ODS us&ent. In this analysis, it was assumed that the use of

and emissions within each end-use. The following conODS alternatives in new equipment—including HFCs and
trols are implemented in the model: PFCs—did not change the total charge of initial chemi-

. Replacement of ODS used in the manufacturing 0f:al used in the equipment in each end-use. For certain
new equipment or in the operation of existing equip_refrlgeratlon and air conditioning end-uses, however, it

ment (i.e., retrofits) with alternative chemicals, suchas assumed that new equipment manufactured with
as HFCs and PECs HFCs and PFCs would have lower leak rates than older

. Replacement of ODS-based processes or producf‘sqmpmem' Existing ODS-containing equipment that was
with alternative processes or products (e.g., the useetrofitted with HFCs or PFCs was assumed to have a

of aqueous cleaning to replace solvent cleaning witdligner leak rate than new HFC/PFC equipment.
CFC-113) The use of HFCs and PFCs in all other sectors was
. Modification of the operation and servicing of calculated by simply replacing ODS use with the chemi-

equipment to reduce use and emission rates througi'al alternatives defined in the substitution scenarios. The
the app"cation of engineering and recyc“ng con-use of HFCs and PFCs was not assumed to Change the

trols guantity of chemical used in new or existing equipment

Assumptions addressing these types of controls ifPr these sectors.
each end-use were used to develop “substitution sce-  The vintaging model estimates HFC and PFC emis-
narios” that simulate the phase-out of ODSs in the Unitedions over the lifetime of equipment in each end-use.
States by end-use. These scenarios represent EPA's bEshissions may occur at the following points in the life-
estimates of the use of control technologies towards théme of the equipment:
phase-out ODS in the United States, and are periodically  Emissions upon manufacture of equipment

reviewed by industry experts. «  Annual emissions from equipment (due to normal leak-
In addition to the chemical substitution scenarios, the  age, and if applicable, servicing of equipment)

model also assumes that a portion of ODS substitutes ase Emissions upon retirement of equipment

recycled during servicing and retirement of the equipment. The emissions that occur upon manufacture of re-

Recycling is assumed to occur in the refrigeration and aifrigeration and air conditioning equipment were assumed

conditioning, fire extinguishing, and solvent end-uses. to be less than 0.1 percent. Annual emissions of HFCs and

Industrial Processes 3-21



PFCs from equipment—due to normal leakage and servidd [uminum Production
ing—were assumed to be constant each year over the life of

the equipment. The quantity of emissions at disposal isa  Aluminum is a light-weight, malleable, and corro-
function of the prevalence of recycling at disposal. sion resistant metal that is used in many manufactured
Emissions for open cell foam were assumed to b@roducts including aircraft, automobiles, bicycles, and
100 percent in the year of manufacture. Closed cell foamgtchen utensils. The United States was the largest pro-
were assumed to emit a portion of total HFC/PFC use upo#ucer with 17 percent of the world total in 1996 (USGS
manufacture, a portion at a constant rate over the lifetime df997). The United States was also a major importer. The
the foam, and the rest at disposal. There were no foaproduction of aluminum—in addition to consuming large
recycling technologies in use in the United States; therejuantities of electricity—results in emissions of several
fore, HFCs and PFCs remaining in closed cell foam wergreenhouse gases including carbon dioxide JG@d
assumed to be emitted by the end of the product lifetime two perfluorocarbons (PFCs): perfluoromethane JCF

Emissions were assumed to occur at manufactur@nd perfluoroethane (€,).
during normal operation, and upon retirement of fire ex- Occasionally, sulfur hexafluoride (ks also used
tinguishing systems. Emissions at manufacture were a®y the aluminum industry as a degassing agent in spe-
sumed to be negligible and emissions upon disposal wegialized applications. In these cases it is mixed with ar-
assumed to be minimal because of the use of recovegon and nitrogen and blown through molten aluminum
technologies. as it cools; however, this practice is not know to be used
For solvent applications, 15 percent of the chemiDy firms in the United States. Where it does occur in
cal used in equipment was assumed to be emitted in th@iner countries, the concentration of; 8Fthe mixture
year. The remainder of the used solvent was assumedifoSmall and it is believed that nearly all the, &Fde-
be disposed rather than emitted or recycled. stroyed in the process.

For sterilization applications, all chemicals that Carbon dioxide is emitted during the aluminum

were used in the equipment were assumed to be emitt€gelting process when alumina (aluminum oxidgOA|

in that year. is reduced to aluminum using the Hall-Heroult reduc-
t(i]on process. The reduction of the alumina occurs through

AllHFCs and PFCs used in aerosols were assume o ]
electrolysis in a molten bath of natural or synthetic cryo-

to be emitted in the same year. No technologies weré
lite (Na,AlF ). The reduction cells contain a carbon lin-
ing that serves as the cathode. Carbon is also contained
Uncertainty in the anode, which can be a carbon mass of paste, coke
rrPriquettes, or prebaked carbon blocks from petroleum

Given that emissions of ODS substitutes occur fro . . . R
thousands of different kinds of equipment and from mil-coke. During reduction, some of this carbon is oxidized

lions of point and mobile sources throughout the Uniteciind released to the atmosphere ag.CO

States, emission estimates must be made using analyti- Process emissions of G@om aluminum produc-

cal tools such as the EPA vintaging model or the methlion were estimated at 1.4 MMTCE (5.3 Tg) in 1996 (see
ods outlined in IPCC/UNEP/OECD/IEA (1997). Though Table 3-32). The Cgemissions from this source, how-
EPA's model is more comprehensive than the IPCC methEVer, are accounted for under the non-fuel use portion of
odology, significant uncertainties still exist with regard €O, from Fossil Fuel Combustion of petroleum coke and
to the levels of equipment sales, equipment characterid@r pitch in the Energy sector. Thus, to avoid double
tics, and end-use emissions profiles that were used @Punting, CQemissions from aluminum production are

estimate annual emissions for the various compounds.nOt included in totals for the Industrial Processes sector.
They are described here for informational purposes only.

known to exist that recycle or recover aerosols.
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Table 3-32: CO, Emissions from Aluminum Table 3-34: PFC Emissions from Aluminum

Production Production (Mg)

Year MMTCE Tg Year CF CF

4 2 6
1990 1.6 6.0 1990 2,430 240
1991 1.7 6.1 1991 2,330 230
1992 1.6 5.9 1992 2,020 200
1993 15 5.4 1993 1,750 170
1994 13 4.8 1994 1,400 140
1995 1.4 5.0 1995 1,330 130
1996 14 5.3 1996 1,430 140

In addition to CQ emissions, the aluminum pro- (vAIpP).
duction industry was also the largest source of PFC emis- U.S. primary aluminum production for 1996, to-

sions in the United States. During the smelting proces%“ng 3,577 thousand metric tons, increased by 6 per-
when the alumina ore content of the electrolytic bath fall.o nt from 1995 to 1996. Production fell to a seven-year
below critical levels required for electrolysis, rapid volt- low in 1994, continuing a decline which started in 1991
age increases occur, termed “anode effects”. These 3Phese declines were due in part to a continued increase

ode effects cause carbon from the anode and fluoring jnorts; primarily from the former Soviet Union. For
from the dissociated molten cryolite bath to combine

thereby producing fugitive emissions of Génd CF..

example, in 1994 these countries exported 60 percent

. o _ more ingots (metal cast for easy transformation) to the
In general, the magnitude of emissions for a given IevelIJnited States than in 1993. However, the U.S. Geologi-

of production depends on the frequency and duration QIaI Survey (USGS) reported that this supply surplus

these anode effects. The more frequent and Iong—IastirWomd be temporary and that a more normal global sup-

the anode effects, the greater the emissions. ply and demand equilibrium should return beginning in

Primary aluminum production related emissions 0f1995. Data for 1995 and 1996 appear to support this
PFCs are estimated to have declined from 4.3 MMTCEyssessment. U.S. imports for consumption of aluminum
of CF, (2,430 Mg) and 0.6 MMTCE of €, (240 Mg) in  materials decreased in 1996 compared with those of the
1990 to 2.5 MMTCE of CH1,430 Mg) and 0.4 MMTCE  previous year. Although imports from Russia continued
of C,F; (140 Mg) in 1996, as shown in Table 3-33 andtg decline from their peak level in 1994, Russia remained

Table 3-34. The overall decline in PFC emissions is €She second |argest source of imports (USGS 1997)
timated to have been 40 percent. This decline was both The transportation industry remained the largest

due to reductions in domestic aluminum production ancﬁomestic consumer of aluminum, accounting for about
actions taken by aluminum smelting companies to resg percent (USGS 1997). The “big three” automakers

duce the frequency and duration of anode effects undef e announced new automotive designs that will ex-
EPA's Voluntary Aluminum Industrial Partnership pand the use of aluminum materials in the near future.

Table 3-33: PFC Emissions from Aluminum USGS believes that demand for and production of alu-

Production (MMTCE) minum should continue to increase.
Year CF4 CzFe Total Methodology
1990 4.3 0.6 4.9 Carbon dioxide is released to the atmosphere dur-
1991 L 0.6 el ing alumina reduction to aluminum metal following the
1992 3.6 0.5 4.1 .
1993 31 0.4 35 reaction below:
1994 o 0.4 i 2A1,0,+3C - 4Al+3CQ
1995 2.4 0.3 2.7
1996 2.5 0.4 2.9 The quantity of CQreleased was estimated from

Note: Totals may not sum due to independent rounding.
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the production volume of primary aluminum metal andported to the VAIP by aluminum companies.

the carbon consumed by the process. During alumina

reduction, approximately 1.5 to 2.2 metric tons of,CO Data Sources

are emitted for each metric ton of aluminum produced Production data for 1990 through 1996 (see
(Abrahamson 1992). In previous inventories, the mid-Table 3-35) were obtained from USQ8ineral Indus-
point (1.85) of this range was used for the emission fadty Surveys: Aluminum Annual ReporlUSGS 1997,
tor. However, for this year's report—and adjusting ear-1995). The USGS requested data from the 13 domestic
lier years—the emission factor was revised to 1.5 metriproducers, all of whom responded. The @&mission
tons CQ per metric ton of aluminum smelted based on dactor range was taken from Abrahamson (1992). The
mass balance for a “typical” aluminum smelter (Drexelmass balance for a “typical” aluminum smelter was taken
University Project Team 1996). This value is at the lowfrom Drexel University Project Team (1996).

end of the Abrahamson (1992) range. PFC emission estimates were provided by the EPAs
The CQ emissions from this source are alreadyAtmospheric Pollution Prevention Division in coopera-

accounted for under CEmissions from Fossil Fuel

Combustion in the Energy sectbThus, to avoid double Table 3-35: Production of Primary Aluminum

counting, CQemissions from aluminum production are

. i . Year Thousand Metric Tons

not included in totals for the Industrial Processes secto

1990 4,048

PFC emissions from aluminum production were 1991 4,121

estimated using a per unit production emission factor fo iggg g'ggg

the base year 1990. The emission factor used is a fun 1994 3:299

tion of several operating variables including average ar 1995 3,375

1996 3,577

ode effect frequency and duration. Total annual emis
sions for 1990 were then calculated based on reported

annual production levels. The five components of the
per unit production emission factor are: tion with participants in the Voluntary Aluminum Indus-

«  Amount of CF, and CF, emitted during every minute trial Partnership.

of an anode effect, per ampere of current
. Average duration of anode effects
. Average frequency of anode effects
«  Current efficiency for aluminum smelting
o  Current required to produce a metric ton of alumi-

num, assuming 100 percent efficiency

Using available data for the United States, this met

odology yields a range in the emission factor of 0.01 to 1.
kg CF, per metric ton of aluminum produced in 1990 (Jacob
1994). The emission factor forfe was estimated to be
approximately an order of magnitude lower. Emissions fopitch—consumed by the process; however, this type of
1991 through 1996 were estimated with emission factor'g\formation was not available.

that incorporated data on reductions in anode effects re-

Uncertainty

Uncertainty exists as to the most accurate, CO
emission factor for aluminum production. Emissions vary
depending on the specific technology used by each plant.
However, evidence suggests that there is little variation
hi_n CQ, emissions from plants utilizing similar technolo-
gies (IPCC/UNEP/OECD/IEA 1997). A less uncertain
énethod would be to calculate emissions based upon the
amount of carbon—in the form of petroleum coke or tar

14 Although the carbon contained in the anode is considered a non-fuel use of petroleum coke or tar pitch and should be theluded
Industrial Processes sector, information to distinguish individual non-fuel uses of fossil fuels is unfortunately not aval@B&IA fuel
statistics.
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For PFC emission estimates, the value for emisto initially increase in the United States and then decline
sions per anode effect minute per ampere was based oagnon-feedstock HCFCs production is phased-out; feed-
limited number of measurements that may not be represtock production is anticipated to continue growing
sentative of the industry as a whole (EPA 1993). Fosteadily, mainly for manufacturing Tefldrand other
example, the emission factor may vary by smelter techehemical products. All U.S. producers of HCFC-22 are
nology type, among other factors. The average frequengyarticipating in a voluntary program with the EPA to re-
of anode effects and the current efficiency are well docuduce HFC-23 emissions.
mented; however, insufficient measurement data existed
to quantify a relationship between PFC emissions anMethodoIogy
anode effect minutes. Future inventories will incorpo- EPA studied the conditions of HFC-23 generation,
rate additional data reported to VAIP by aluminum com-methods for measuring emissions, and technologies for
panies and ongoing research into PFC emissions frommissions control. This effort was undertaken in coop-
aluminum production. eration with the manufacturers of HCFC-22.

Previous emission estimates assumed that HFC-23

HCFC-22 Production emissions were between 2 and 4 percent of HCFC-22
production on a mass ratio basis. The methodology em-

Trifluoromethane (HFC-23 or CHFis generated pjoyed for this year's inventory was based upon mea-

as a by-product during the manufacturing of chloro-gyrements of critical feed components at individual

difluoromethane (HCFC-22), which is currently usedycFc-22 production plants. Individual producers also
both as a substitute for ozone depleting substancesneasured HFC-23 concentrations in the process stream
mainly in refrigeration and air conditioning systems—py gas chromatography. Using measurements of feed
and as a chemical feedstock for manufacturing Syntheti&omponents and HFC-23 concentrations in process
polymers. Although HCFC-22 production is scheduledsireams, the amount of HFC-23 generated was estimated.
to be phased out by 2020 under the U.S. Clean Aif Actyrc-23 concentrations were determined at the point the

because of its stratospheric ozone depleting propertieggs |eaves the chemical reactor; therefore, estimates also
feedstock production is permitted to continue indefinitely.jnc|yde fugitive emissions.

Emissions of HFC-23 in 1996 were estimated to
be 8.5 MMTCE (2,660 Mg). This represents over a 1Mata Sources
percent decline from emissions in 1990 (see Table 3-36).  Emission estimates were provided by the EPAs

In the future, production of HCFC-22 is expectedAtmospheric Pollution Prevention Division in coopera-
tion with the U.S. manufacturers of HCFC-22.

Table 36: HFC-23 Emissions from HCFC-22 U taint
Production ncertainty

A high level of confidence has been attributed to

e MMICE Mg the HFC-23 concentration data employed because mea-
iggg g:i g:ggg surements were conducted frequently and accounted for
1992 95 2,980 day-to-day and process variability. It is estimated that
1993 8.7 2,730 the emissions reported are within 20 percent of the true
iggg ?:g g:;gg value. This methodology allowed for determination of
1996 8.5 2,660 reductions in HFC-23 emissions during a period of in-

creasing HCFC-22 production. (Use of emission factors
would not have allowed for such an assessment.) By

15 as construed, interpreted and applied in the terms and conditions Mbtiteesal Protocol on Substances that Deplete the Ozone Layer
[42 U.S.C. §7671m(b), CAA §614]
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1996, the rate of HFC-23 generated as a percent of HCFQata Sources

22 produced dropped, on average, below 2 percentinthe  Emission estimates were provided by the EPA’s

United States. Atmospheric Pollution Prevention Division in coopera-
tion with the U.S. semiconductor industry.

Semiconductor Manufacture

Uncertainty

The semiconductor industry uses multiple long- Emission estimates for this source are believed to
lived fluorinated gases in plasma etching and chemicgle highly uncertain due to the lack of detailed gas con-
vapor deposition (CVD) processes. The gases most corgymption data and the complex chemical reactions in-
monly employed are trifluoromethane (HFC-23),olved in the processes used. For example, in the etch-
perfluoromethane (CJ; perfluoroethane (), and sul-  jng process the gas molecules are disrupted by a plasma

fur hexafluoride (Sp), although other compounds such jnto varied recombinant formulations specific to each tool
as nitrogen trifluoride (Nfj and perfluoropropane (&)  and operation.

are also used. The exact combination of compounds is
specific to the process employed.

Because of the uncertainties surrounding its con-
tribution to the greenhouse gas effect, ot included

For 1996, it was estimated that total weighted emisiy this inventory of greenhouse gas emissions. It has
sions of all greenhouse gases by the U.S. semiconductggen estimated that the atmospheric lifetime of, IWE-
industry was 1.3 MMTCE. These gases were not widelfore it undergoes photodissociation in the stratosphere,
used in 1990, hence, emissions in 1990 were estimated 9 aphout 700 years, resulting in a 100 year global warm-

ing potential (GWP) value of approximately 8,000

Table 3-37: PFC Emissions from Semiconductor (Molina, Wooldridge, and Molina 1995). As the under-
Manufacture standing of the emission characteristics of this gas im-

Vierr MMTCE* proves, NE will be included in future inventories.

1990 0.2 . . .

1991 0.4 Electrical Transmission and

1992 0.6 . . .

1993 08 Distribution

1994 1.0

1995 1.2

The largest use for sulfur hexafluoride (BBoth
domestically and internationally, is as an electrical insu-
lator in equipment that transmits and distributes electric-
_ o ity. It has been estimated that eighty percent of the world-
be only 0.2 MMTCE. Combined emissions of all gases are . : . o -

i ) Wide use of SHs in electrical transmission and distribu-
presented in Table 3-37 below. It is expected that the rap1[d

o ) _ ) ion systems (Ko et al. 1993). The gas has been em-
growth of this industry and the increasing complexity Ofployed by the electric power industry in the United States
microchips will increase emissions in the future.

since the 1950s because of its dielectric strength and arc-
gquenching characteristics. Itis used in gas-insulated sub-

MEthOdOIOgy stations, circuit breakers, and other switchgear. Sulfur

An estimate of emissions was developed based “Rexafluoride has replaced flammable insulating oils in

the approximate sales of the four main gases (HFC-23 L
_ ) ) rhany applications and allows for more compact substa-
CF,, CF,, and SF) to semiconductor firms. Estimates

26 ] tions in dense urban areas.
were confirmed with data reported to the EPA by a sub-

. . . . Fugitive emissions of Sf€an escape from gas-in-
set of firms in the industry who have engaged in volun- ) ) o
o .. sulated substations and gas-insulated circuit breakers
tary monitoring efforts. Further study of gas emission ) )
_ through seals, especially from older equipment. It can
rates is also underway.

also be released when equipment is opened for servic-

1996 1.4

* Combined radiative forcing effect of all gases
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Table 3-38: SF; Emissions from Electrical ing SF, emissions from electrical transmission and dis-
Transmission and Distribution tribution systems. Neither gas consumption nor leakage

Year MMTCE Mg monitoring data were available. An accurate inventory
1990 56 859 of the stock of SFin existing equipment, in addition to
1991 59 902 improved assumptions of the leak rates from both new
1992 62 o and old equipment, will be required to develop improved
1993 6.4 988 o i !

1994 6.7 1,031 emission estimates.

1995 7.0 1,074

199 7.0 1,074

Magnesium Production and
Processing

ing, which typically occurs every few years. In the past;

some utilities vented SFo the atmosphere during ser- The magnesium metal production and casting in-
vicing; however, it is believed that increased awarenesgstries use sulfur hexafluoride ($Rs a covergas to
and the relatively high cost of the gas have reduced thi?revent the violent oxidation of molten magnesium in
practice. the presence of air. Small concentrations qfi§Eom-
Emissions of SHrom electrical transmission and dis- binations with carbon dioxide and air are blown over the
tribution systems was estimated to be 7.0 MMTCE (1,02@nolten magnesium metal to induce the formation of a
Mg) in 1996. This quantity amounts to a 25 percent inprotective crust. The industry adopted the use pt&F

crease over the estimate for 1990 (see Table 3-38). replace sulfur dioxide (S The SEtechnique is used
by producers of primary magnesium metal and most mag-
Methodology nesium part casters. The recycling industry, for the most

Manufacturers of circuit breakers and gas-insulateghart, continues to employ sulfur dioxide as a covergas.
substations have claimed that new equipment leaks at  gq, 1996, a total of 3.0 MMTCE (460 Mg) of SF
rates of less than 1 percent annually. To explore emigyas estimated to have been emitted by the magnesium
sion rates from electrical equipment, the EPA examineqqdustry’ 76 percent more than was estimated for 1990
atmospheric concentrations of SFASsumptions were  (see Table 3-39). There are no significant plans for ex-
made to estimate historical worldwide S¥foduction.  pansion of primary production in the United States, but
Based on measured concentrations, an atmospheric magsmand for magnesium metal for die casting has the po-
balance was then calculated. This mass balance providgghtial to expand if auto manufacturers begin designing

an indication that most of the Sproduced worldwide e magnesium parts into future vehicle models.
since the early 1950s must have been emitted. Thus, it

was concluded that emission rates from equipment musMethodomgy
be higher than had been claimed. It was assumed that  Emjssjons were estimated based upon usage infor-
roughly three-quarters of Sroduction was used in elec-
trical equipment and that equipment leaked at a rate mugfypie 3-39: SF. Emissions from Magnesium
: 6

higher than proposed by industry. Production and Processing
Data Sources Year MMTCE Mg
Emission estimates were provided by the EPA’s 133(1) %g ggg
Atmospheric Pollution Prevention Division in coopera- 1992 2.2 340
tion with the U.S. electric utilities. 1993 2.5 380
1994 2.7 420
] 1995 3.0 460
Uncertainty 1996 3.0 460

There is little verifiable data existing for estimat-
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mation supplied to the EPA by primary magnesium proides (NQ), carbon monoxide (CO), and nonmethane
ducers. Consumption was assumed to equal emissiomselatile organic compounds (NMVOCs) from non-en-
in the same year. Although not directly employed, theergy industrial processes from 1990 to 1996 are reported
Norwegian Institute for Air Research (NIAR 1993) hasby detailed source category in Table 3-40.

reported a range of emission factors for primary magne-

sium production as being from 1 to 5 kg of, $Er met- Methodology and Data Sources

ric ton of magnesium. A survey of magnesium die cast- The emission estimates for this source were taken di-
ers has also reported an average emission factor of 4réctly from the EPA'SNational Air Pollutant Emissions

kg of SF, per metric ton of magnesium parts die castTrends, 1900-199¢EPA 1997a). Emissions were calcu-

(Gjestland and Magers 1996). lated either for individual sources or for many sources com-
bined, using basic activity data (e.g., the amount of raw
Data Sources material processed) as an indicator of emissions. National

Emission estimates were provided by the EPA'sactivity data were collected for individual source categories
Atmospheric Pollution Prevention Division in coopera- from various agencies. Depending on the source category,
tion with the U.S. primary magnesium metal producerghese basic activity data may include data on production,
and casting firms. fuel deliveries, raw material processed, etc.

] Activity data were used in conjunction with emis-
Uncertamty sion factors, which together relate the quantity of emis-
There are a number of uncertainties in these estisjons to the activity. Emission factors are generally avail-
mates, including the assumption that 86es not react aple from the EPA€ompilation of Air Pollutant Emis-
nor decompose during use. In reality, it is possible thadjon Factors, AP-4ZEPA 1997b). The EPA currently
the high temperatures associated with molten magnesiuferives the overall emission control efficiency of a source
would cause some gas degradation. Like other sourc@gtegory from a variety of information sources, includ-
of SF, emissions, verifiable $€onsumption data were jng published reports, the 1985 National Acid Precipita-
not available. tion and Assessment Program emissions inventory, and
other EPA databases.
Industrial Sources of Criteria
Pollutants Uncertainty
E— Uncertainties in these estimates are partly due to
In addition to the main greenhouse gases addressélde accuracy of the emission factors used and accurate
above, many industrial processes generate emissions @$timates of activity data.
criteria air pollutants. Total emissions of nitrogen ox-
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Table 3-40: Emissions of NO,, CO, and NMVOC from Industrial Processes (Gg)

Gas/Source 1990 1991 1992 1993 1994 1995 1996
NO, 923 802 784 760 933 815 821
Chemical & Allied Product

Manufacturing 152 149 148 141 145 144 144
Metals Processing 88 69 74 75 82 89 89
Storage and Transport 3 5 4 4 5 5 5
Other Industrial Processes 343 319 328 336 353 362 366
Miscellaneous* 337 259 230 204 347 215 217
Co 9,580 7,166 5,480 5,500 7,787 5,370 5,379
Chemical & Allied Product

Manufacturing 1,074 1,022 1,009 992 1,063 1,109 1,109
Metals Processing 2,395 2,333 2,264 2,301 2,245 2,159 2,157
Storage and Transport 69 25 15 46 22 22 22
Other Industrial Processes 487 497 494 538 544 566 576
Miscellaneous* 5,556 3,288 1,697 1,623 3,912 1,514 1,514
NMVOCs 3,193 2,997 2,825 2,907 3,057 2,873 2,299
Chemical & Allied Product

Manufacturing 55 644 649 636 627 599 396
Metals Processing 111 112 113 112 114 113 64
Storage and Transport 1,356 1,390 1,436 1,451 1,478 1,499 1,190
Other Industrial Processes 364 355 376 401 397 409 398
Miscellaneous* 787 496 252 306 441 253 251

* Miscellaneous includes the following categories: catastrophic/accidental release, other combustion, health services, TSDFs (Transport,

Storage, and Disposal Facilities under the Resource Conservation and Recovery Act), cooling towers, and fugitive dust. It does not include
agricultural fires or slash/prescribed burning, which are accounted for under the Agricultural Burning source.
Note: Totals may not sum due to independent rounding.
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